In this work a method to design filter banks that allow to split the spectpm of a signal into non-uniform width subbands is presented, The Hters of the banks are obtained by the cosine modulation of more than one prototype. The prototypes are designed by imposing the cancellation of the main component of aliasing in the reconstructed signal. Aliasing compohents and their cancellation in rational sampling factors banks are described in the details and design examples are presented. 
INTROQUCTION
In this work the problem of designing filter banks that analyze the input signal into non-uniform width subbands is addressed. Non-uniform filter banks have been studied, for example, in [1]- [6] . Here, a new method to design filter banks with rational decimation factors i s proposed: it extends some preliminary work, presented in [?I, which considered only integer decimation factors.
The design method is based on the cosine modulation of different linear phase rototypes; it does not use complex prototypes as in 61 and all the filters are obtained through a direct design, i.e., the filters of the banks are not designed as a combination of narrower passband filters. The design aims at the cancellation of the main component of aliasing in the reconstructed signal: this imposes constraints on the prototypes which become related to each other. Experimental results to show the effectiveness of the procedure are also shown. where WM = e-j2=iM. Eq. (1) highlights the reconstruction transfer function and the aliasing terms. Suppose that each filter has real coefficients and is obtained through the cosine-modulation of a low-pass prototype; therefore, the impulse responses of the m-th branch analysis/synthesis filters are given by:
ALIASING COMPONENTS IN

COSINEMODULATED NON-UNIFORM FILTER BANKS
Nm is the length of
The rototy es gm(n) have a linear phase and 
functions of each fi 1 ter can be expressed as:
where (5) (6) As can be easily verified, Um(w) and Om(&) are rightshifted versions of Gm(u), while Vm(U) and Vm(w) are left-shifted versions of G, (U).
Due to the M,-fold upsampler in the synthesis stage, images of the m-th subband spectrum are filtered by F ). The main aliasing components are produced at mk t e low-frequency and at the high-frequency edges of the passband of Fm(z): let A F w ) k ) and A F g h ) be these components, respectively. T ey have been escribed for an uniform bank in [8 If we consider that When we substitute z = eJw , the left hand side (right hand side) of (9) is a 2i~-periodic function in w and is composed by the sum of & (&+I) periodic functions with period 2&7r (2&+17r . Therefore, we have of (9) The prototype filter lengths are constrained to satisfy the condition = c, m = 0,. . . , M -1, where c is a constant and represents the delay introduced by the analysis/synthesis banks. We will suppose that c is an integer, 80 that the signals reconstructed in each branch of the structure can be easily realigned. Phase error is absent since the synthesis filters are a time reversed version of the analysis filters, while the magnitude error is maintained at low levels if T(z) is approximately allpass. The reconstruction error IS reduced choosing prototype filters with high stopband attenuation and with a power complementary transition band, i.e., satisfying can be used. 2) Find the zero-phase filter GkP)(u) related to Gm(w): Gkp'(w) is a real function symmetrical around w = 0; build the zero-phase frequency response G$)l(w) according to (13) and obtain by using (10); compute gm+l(n) from Gm+l?! Gm+l w by truncated Inverse Fourier Transform or by using the frequency sampling method. 3) Repeat step 2) for each pair of branches of the structure that needs a new prototype filter to be designed. The non-uniform bank can be built through cosine modulation of the prototypes and by using the correct phase terms (see Table 1 ). In the following section this procedure is used to design examples of non-uniform banks.
EXPERIMENTAL RESULTS
To show the effectiveness of the design procedure described in the previous section we have considered two examples of non-uniform banks. We will indicate with K and 0 the sets { km, m=O, ..., M-1 } and { em, m=O,. . .,M-1 1, respectively.
Example 1: Non-uniform bank composed by four branches with rational decimation factors { 2/7, 2/7, 2/7 1/71. Two prototypes have to be designed (go(n) = gl(n) = g2 n)). In this example more than one choice is possible \ or K. We will use K={ 0,5,4,6 1 Example 2: branches with rational decimation factors 6 1/2, 1/4, 3/16, 1/16 }. This is an example in which t e rational sampling factors have different denominators. All the aliasing couplin s are of the type (high)-(lotu); K={O, 2,4, 15 }; 0 = 8 ~/ 4 , -~/ 4 , r/4, -n/4 ).
The performance of the presented design method is evaluated in terms of both the overall distortion function T(u) and the residual aliasing error. As to the latter error, a global measure relative to the whole structure is used in this work. According to the input-output relationship in (l), the aliasing contribution relative to X ( Z W~: ) can be written as can be used as measures of the quality of the designed banks. Table 2 and 3 reports the results obtained for Example 1 and 2, respectively, for different lengths of the prototypes. As can be seen, both the magnitude distortion and the aliasing error are kept small
In Fig. 2 the frequency responses of the final m i n e modulated analysis filters relative to Example 1 and obtained with prototypes having 82 and 163 coefficients are shown: fromthe inspection of this figure it can be deduced that the design based on (13) does not degrade the passband and the stopband characteristics of the new prototypes.
CONCLUSIONS
In this work a method to design non-uniform fiter banks with rational sampling factors has been presented. The method is simple and requires numerical optimization of only one prototype, being the others derived in a straightforward way from this one. For this reason, the method seems particularly suitable when banks with a large number of coefficients must be designed. rgenti and E. Del Re, "Non-uniform filter banks based on a multi-prototype cosine modulation", IEEE ICAS §P996, Atlanta, May 1996, pp. 
